And of these mutations, roughly 10-50% of them are loss of folding mutations [20] . Furthermore, stress-induced deficiencies in translation fidelity increases the rate of protein misfolding, underscoring the importance of chaperone surveillance during translation [121, 123] . Many proteins, and protein complexes such as mTORC1, also require an available pool of chaperones in order to simply adopt correctly folded conformations, regardless of the presence of mutations.
Indeed, up to 30% of newly synthesized proteins emerge from the ribosome misfolded, and, in total, about 12-15% of them are promptly degraded in a process termed cotranslational ubiquitination [21] . Thus deregulated translation during cellular stress challenges metabolic homeostasis by depleting ATP, while additionally straining proteostasis due to the unsupervised production of misfolded protein that may exceed the capacity of refolding and degradative networks. In this review, I describe how proteostatic dysfunction is communicated within the cell to achieve translational control and appropriate gene expression in order to ameliorate proteotoxic stress. Specifically, I will examine how protein misfolding in the endoplasmic reticulum (ER) and the mitochondria initiate proteostatic measures that regulate translation through the Integrated Stress Response (ISR), how the inactivation of mTORC1 complements this process, and how stress granules sequester latent mRNA and protein during translational shutdown.
The ISR_______________________________________
The ISR is an evolutionarily conserved cellular program that converges on the phosphorylation of ribosomal initiation complex subunit eIF2a (eukaryotic initiation factor 2 alpha effect that could be related to ribophagy [43] .
There is also evidence that ATF4 and NRF2
physically interact, and do so in such a way to prevent ATF4 from binding and initiating transcription at the promoter of proapoptotic CHOP [44] . In addition to preventing apoptotic gene expression, ATF4/NRF2 cotranscription potentiates antioxidant gene expression [45] . The significant overlap between the cytoprotective transcriptional outcomes of NRF2
and ATF4, and their common mechanism of activation by PERK was essential in mediating dendritic retraction [61] .
PERK phosphorylation was required for dendritic retraction in response to mitochondrial dysfunction or protein misfolding.
This suggests that dendritic degeneration in response to mitochondrial dysfunction, a degenerative but stress adaptive response aimed at preserving ATP, may function through a PERK initiated ISR signaling network. Authors Michel et al found mtDNA depletion triggers the ISR and, interestingly, discovered this process to be dependent on GCN2 expression [60] . In addition to PERK and GCN2, PKR has also been implicated in the transduction of mitochondrial stress. The mtUPR induced by mutant OTC, a protein that misfolds during mitochondrial import, activated a transcriptional response in intestinal cells that was contingent on PKR mediated eIF2a phosphorylation [62] . The convergence of various mitochondrial stressors onto eIF2a phosphorylation suggest global translational inhibition, and downstream ATF4 transcription, are critical factors orchestrating the mtUPR.
Besides the traditional eIF2a kinases, a recent study by Khan et al provided evidence that mTORC1 can activate ATF4 translation following mitochondrial dysfunction [63] .
Despite this seemingly paradoxical relationship (mTORC1 promotes translation while eIF2a/ATF4 inhibits translation), this study provides compelling evidence that mTORC1 can, at least in some circumstances, function upstream of ATF4 activation during mitochondrial stress. Indeed, the Quiros et al study discussed above did find significant upregulation of mTORC signaling components following the mtUPR. The implication of each eIF2a kinase, or none at all, in mediating the mtUPR suggests there are multiple mechanisms by which mitochondrial dysfunction is relayed to the ISR.
In addition to ATF4, the structurally and functionally related ATF5 transcription factor has also been implicated in Since ATF4 and CHOP have both been confirmed to bind the promoter of ATF5 and activate its transcription, it is plausible that ATF5 functions secondary to ATF4 activation [65] .
The mechanistic link between mitochondrial stress and eIF2a kinases, and thus ATF4 and ATF5 translation, has not been identified, but several candidate mechanisms exist.
Since the mtUPR is marked by membrane depolarization and import deficiency, it is possible that the well-characterized PINK1/PARKIN signaling cascade could be involved. In this pathway, mitochondrial membrane depolarization prevents the Although typically associated with transducing the UPR, PERK also influences mitochondrial dynamics at mitochondrial-associated membranes (MAMs), where it is functionally involved in tethering the two membranes, independent of its kinase activity [72] . Owing to the extensive communication that occurs at these MAMs, it is possible that the mtUPR could be launched through MAMs, thus linking PERK to the mtUPR. Since mitochondrial stress does indeed activate the UPR, it would be intriguing to explore whether MAMs are essential in mediating this process, and perhaps yield important insight into how the mtUPR triggers the ISR [73] . Another ISR kinase, GCN2, has been shown to be activated by ROS signaling in addition to uncharged tRNA [74] . Although the exact mechanism is not understood, ROS production during mitochondrial dysfunction can facilitate eIF2a phosphorylation through GCN2.
Lastly, mtRNA has recently been shown to occupy and activate a large portion of endogenous PKR, which could be released as a result of mitochondrial rupture or facilitated ligases and degraded in proteasomes [84, 85] . mTORC1 activity may also be limited by its rate of formation, a process that is critically reliant on the HSP90 chaperone [86] . The loss of HSP90 due to the presence of misfolded proteins, which can function as chaperone sinks, has been shown to limit the rate at which mTORC1 is constructed resulting in decreased shown to deactivate mTORC1, thus promoting autophagy, stalling translation, and preserving ATP [92, 93] . Although it is clear mTORC1 is inactivated by mitochondrial stress, the mechanistic details bridging these two phenomena are poorly understood. It is reasonable that the loss of ATP production, and thus AMP accumulation, could activate AMPK and mediate mTORC1 inhibition. It was also reported that mitochondrial stress induced depolarization resulted in the activation of PARKIN1, discussed above, that polyubiquitinates mTOR triggering its proteasomal degradation [94] . mTORC1 is indeed associated with mitochondrial outer membranes, cofractionates with mitochondria, and is typically inactive while localized to mitochondria (mTORC1 requires lysosomal localization for activation) [95, 96] . Also associated with the mitochondrial outer membrane is JNK, which translocates to mitochondria during stress and is anchored by the protein Sab [97, 98] . It would be intriguing to test if Sab mediated recruitment of JNK to the mitochondria facilitates mTORC1 phosphorylation and degradation. In sum, mTORC is inhibited by multiple proteostatic disturbances including the UPR, proteasome inhibition, chaperone depletion, and the mtUPR, although more research is needed to determine the underlying signaling networks.
STRESS GRANULES___________________________
Stress granules are membraneless ~200 nm pseudo organelles that form in the cytoplasm during proteostatic or ribostatic stress, and function to temporarily sequester mRNA until translation resumes. Stress granules are dynamic structures that generally contain dense immobile cores and gel-like outer shells, the latter of which turns over on the order of seconds as measured by FRAP studies [99] . Although the majority of a cell's pool of mRNAs (about 90%) are targeted to stress granules during stress, only about 10% of mRNAs are consistently nucleated into aggregates (perhaps the population of mRNA locked in insoluble cores) [100] . The rest appear to only transiently associate with stress granules before being released, or funneled into P bodies for degradation. Only 185 genes have greater than 50% of their mRNA localized within stress granules, suggesting stress granules serve a more specialized function than previously thought, rather than broad sequestration of mRNA. These mRNAs prone to aggregation in stress granules appear to be related by extended 3' UTRs and larger than average transcript size, leading to poor translatability. These criteria would encompass all viral RNAs and result in their preferential accumulation in SGs, which is likely the evolutionary purpose of stress granules [101] .
Indeed, many viruses employ transcripts specifically evolved to inhibit stress granule nucleating machinery. Larger proteins are also more prone to misfolding or causing translational errors, thus their preferential targeting to stress granules may aid in proteostatic recovery. There is also evidence that certain classes of mRNA, such as the HSP folding chaperones, are preferentially excluded from stress granules resulting in their upregulation during stress. The inability to sequester mRNA in stress granules during proteotoxic stress can accelerate neuronal aggregate formation and rate of cell death [102, 103, 104] . The loss of stress granule nucleation machinery alone is sufficient to induce neurodegeneration, particularly in the hippocampus [105, 106] . Similarly, the irreversible aggregation of stress granules also constitutes a proteostatic dysfunction that can promote protein misfolding and cell death [107] . Thus a careful balance of stress granule formation and Region), and facilitating aggregation [112, 113] .
Although stress granules nucleate around mRNA, certain proteins also become sequestered in stress granules, a regulated process that usually depends on the presence of an IDR (for interaction with TIA1/G3BP) or an RNA binding domain (for interaction with aggregated mRNA). For example, a cell's population of Ubiquilin-2 proteins are nearly completely shuttled into SGs owing to an IDR [114] .
Interestingly, the ubiquilin family of proteins are responsible for binding transmembrane mitochondrial outer membrane proteins that fail to be inserted into the mitochondrial membrane and delivers them to the proteasome [115] . Since the loss of ubiquilins results in the cytosolic accumulation and aggregation of mitochondrial outer membrane preproteins, it may be possible that stress granule formation, and sequestration of ubiquilin proteins, promotes the mtUPR. In addition to Ubiquilin-2, critical RNA binding proteins required for nucleocytoplasmic shuttling, splicing, and snRNA biogenesis, are also sequestered in stress granules [116] . By sequestering a host of RNA shuttling proteins, including Ran, Exportins, and Importins, stress granules significantly downregulate the flux of new mRNA into the cytoplasm, serving as an additional mechanism of proteostatic control of translation [106] . Similarly, the sequestration of TDP-43 in stress granules, a major ALS associated protein normally localized to Cajal bodies, could result in abnormally spliced transcripts and RNA processing [117] . Collectively, the aggregation of RNA binding proteins in stress granules could collapse protein assembly lines, which, like other inhibitors of translation, can be beneficial or detrimental depending on duration.
The importance of stress granules in attenuating translation has been challenged by recent research demonstrating that G3BP knockout cells, which cannot form stress granules following eIF2a phosphorylation, are not defective in translational arrest [113] . Additionally, the majority of mRNA are not sequestered in stress granules, 
